ABSTRACT: Introduction: We describe a unique method that combines ultrasound and electromyography to guide intramuscular diaphragm injections in anesthetized large animals. Methods: Ultrasound was used to visualize the diaphragm on each side of spontaneously breathing, anesthetized beagle dogs and cynomolgus macaques. An electromyography (EMG) needle was introduced and directed by ultrasound to confirm that the needle entered the muscular portion of the diaphragm, and methylene blue was injected. Injection accuracy was confirmed upon necropsy by tracking the spread of methylene blue. Results: All methylene blue injections were confirmed to have been placed appropriately into the diaphragm. Conclusions: This study demonstrates the feasibility and accuracy of using ultrasound and EMG to guide injections and to reduce complications associated with conventional blind techniques. Ultrasound guidance can be used for clinical EMG of the diaphragm. Future applications may include targeted diaphragm injections with gene replacement therapy in neuromuscular diseases.
Needle electromyography (EMG) of the diaphragm is usually done blindly using techniques guided only by anatomic landmarks. 1 It can be challenging due to the thinness of the diaphragm muscle and its proximity to the lung and liver. The possible complications include pneumothorax caused by inadvertent lung puncture or liver hematoma. 2 Ultrasound imaging provides excellent noninvasive direct and real-time visualization of soft tissue with good distinction of anatomic landmarks, fascial planes, and neurovascular structures adjacent to the intended target. Recent advances in technology have made high-resolution ultrasound machines affordable, portable, and widely available for a variety of clinical applications. Direct visualization of the diaphragm in real time using ultrasonography can be particularly helpful, given the dynamic nature of the diaphragm muscle. The utility of diaphragm ultrasound has been reported recently in animals. [3] [4] [5] We describe a unique method that combines real-time ultrasound and EMG to guide intramuscular diaphragm injections in anesthetized large animals.
METHODS
The Animal Care and Use Committee at the Wake Forest School of Medicine approved this study. Ultrasound (Acuson Sequoia 512 Ultrasound System; Siemens, USA) was used to visualize the diaphragm on each side of spontaneously breathing, anesthetized beagles (n 5 3) and cynomolgus macaques (n 5 3) using the B mode with a 15-MHZ linear probe. 6 The animals were anesthetized, and EMG-guided injections were performed as part of a separate independent study. 7, 8 The ultrasound transducer was placed at the lowest intercostal space in the mid-axillary line and directed toward the midline through the liver and spleen windows. 6 The lateral intercostal approach was used to visualize the diaphragm in the zone of apposition (in the area where the diaphragm abuts the rib cage). 6 The long axis of the transducer was aligned with the intercostal space to avoid any bone shadows from the ribs and to allow visualization of the needle at all times. The diaphragm muscle was identified by its deep location, curved geometry, and its appearance as 2 echogenic layers of peritoneum and pleura sandwiching a more hypoechoic line of the muscle itself. 9 In addition, it was seen to move and thicken during inspiration as a result of muscle contraction. 10 Liver on the right side and spleen on the left side were visualized deep to the diaphragm as homogeneous, lowintensity structures punctuated by fenestrating blood vessels (Fig. 1) . Lung was seen as a bright, high-intensity tissue downwardly displacing the diaphragm and the underlying liver or spleen during inspiration (Fig. 1) . [11] [12] [13] We evaluated all lower intercostal spaces to identify the space that provided best visualization of the diaphragm muscle at end-inspiration. The muscle is thickest at this point, with minimal encroachment of the descending lung during inspiration.
The EMG needle was introduced and directed by ultrasound to confirm that the visualized image was the muscular portion of the diaphragm and that the tip of the EMG needle entered the muscle (Fig. 1) . A 5-ml syringe with a 20-gauge injectable needle was inserted parallel to the transducer using a long-axis approach to allow direct visualization of the injection needle throughout the examination while simultaneously monitoring the pleural space descending into the field of view as the animal inspired. 11, 14 Crisp motor unit potentials, with rapid rise times on EMG signaled that the needle was in the diaphragm muscle. Methylene blue was then injected. After injection, the animals were euthanized humanely as part of the original study that included necropsy as a part of its protocol, and diaphragm tissue was collected immediately to assess injection sites for methylene blue staining.
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RESULTS
All methylene blue injections were confirmed upon necropsy to have been placed appropriately into the diaphragm muscle (Fig. 1) . The sites of the injections were confirmed by tracking the spread of injected methylene blue.
DISCUSSION
Ultrasound is a non-invasive, portable technology with no risk of radiation that is becoming increasingly popular for assessment of diaphragm muscle structure and function. The muscular portion of the diaphragm can be visualized easily in the zone of apposition through the lateral intercostal approach on B-mode ultrasonography. 4, 6 Many studies using animal models of neuromuscular diseases now employ directed diaphragm injections or implantation of tracers to assess diaphragm function. [15] [16] [17] Currently, targeted diaphragm injections in animals require laparotomy, which can be cumbersome and also fraught with the inherent complications of anesthesia and surgery. 18 There is emerging clinical interest in ultrasound-guided EMG to isolate the intercostal space and approximate the depth of EMG needle placement to optimize the safety of diaphragm EMG in human clinical studies and practice. 10, 11, 14 We undertook this study to demonstrate the feasibility and practicality of using real-time ultrasound-guided needle EMG and injections in large-animal models in an effort to reduce complications associated with the conventional blind technique. 2 The use of ultrasound facilitates direct visualization during needle placement and enhances the safety and accuracy of this examination. Augmenting EMG monitoring with ultrasound ensures that targeted injections enter the muscular portion of the diaphragm.
In conclusion, the safety and accuracy of needle EMG of the diaphragm can be enhanced by visual guidance using ultrasonography. In this study we demonstrated the feasibility of using realtime ultrasound guidance for targeted diaphragm therapy. We also evaluated the accuracy of ultrasound-guided injections in non-human primates or dogs. This novel method for performing diaphragm injections with ultrasound and EMG guidance may prove useful as a clinical tool in the 
